We investigated the effects of two different plant species (corn and soybean) and three different soil types on microbial community structure in the rhizosphere. Our working hypothesis was that the rhizosphere effect would be strongest on fast-growing aerobic heterotrophs, while there would be little or no rhizosphere effect on oligotrophic and other slow-growing microorganisms. Culturable bacteria and fungi had larger population densities in the rhizosphere than in bulk soil. Communities were characterized by soil fatty acid analysis and by substrate utilization assays for bacteria and fungi. Fatty acid analysis revealed a very strong soil effect but little plant effect on the microbial community, indicating that the overall microbial community structure was not affected by the rhizosphere. There was a strong rhizosphere effect detected by the substrate utilization assay for fast-growing aerobic heterotrophic bacterial community structure, with soil controls and rhizosphere samples clearly distinguished from each other. There was a much weaker rhizosphere effect on fungal communities than on bacterial communities as measured by the substrate utilization assays. At this coarse level of community analysis, the rhizosphere microbial community was impacted most by soil effects, and the rhizosphere only affected a small portion of the total bacteria.
Introduction
The rhizosphere is generally defined as the narrow zone of soil directly adjacent to, and affected by, plant roots. The rhizosphere contains root exudates, leaked and secreted chemicals, sloughed root cells, and mucilages. Plant root exudates contain sugars, amino and organic acids, fatty acids and sterols, vitamins, nucleotides, and other compounds (Curl and Truelove 1986) . This complex mixture of organic compounds provides a source of reduced carbon, nitrogen, and other nutrients for microorganisms.
A great deal of research has been performed on the populations and communities of bacteria and fungi in the rhizosphere and bulk soil. Compared with bulk soil, the rhizosphere has higher population densities of bacteria and fungi (Curl and Truelove 1986; Maloney et al. 1997; Marschner et al. 2002; Norton and Firestone 1991; Semenov et al. 1999) . This is referred to as the rhizosphere effect. However, much of this research was done by plate count methods, and direct microscopic counts of microbes in soil and rhizosphere are always much higher than results from plate counts. It is now well established that only a small percentage of soil bacteria are readily culturable, and many species of bacteria are not detected by isolation plating (Rondon et al. 1999) , although the use of dilute media and long incubation times may allow many species, previously believed unculturable, to be isolated and grown in the laboratory (Janssen et al. 2002) .
Plate count methods indicate that Gram-negative bacteria are more dominant in the rhizosphere than in bulk soil, particularly Pseudomonas (Curl and Truelove 1986) . However, given the limitations of plate count methods, these results must be viewed with some skepticism. The choice of isolation medium affects both the total population measured and the relative abundances of various taxonomic groups of microorganisms (Buyer 1995) . It has been demonstrated that the supposed dominance of fluorescent pseudomonads in the rhizosphere is an artifact of the isolation media and conditions employed (Miller 1990) . The use of culture-independent methods is needed to accurately characterize microbial communities in the soil and rhizosphere. Indeed, analysis of rhizosphere DNA indicates that Gram-positive bacteria may be more dominant in the rhizosphere than previously believed (Smalla et al. 2001) .
Both soil and plant have been observed to affect microbial community structure. (Duineveld et al. 1998 (Duineveld et al. , 2001 Normander and Prosser 2000; Smalla et al. 2001; . We previously examined the effect of soil and seed type on microbial community structure in the spermosphere, which is the zone directly around germinating seeds (Buyer et al. 1999) . The soil microbial community was analyzed 96 h after sowing the seeds. Soil type affected the microbial community structure far more than the plant species despite great differences in exudation by the different seed types. It seemed possible that 96 h was insufficient for differences in microbial communities to develop, and we therefore decided to continue this line of research by studying the influence of soil and plant species on rhizosphere communities.
We hypothesized that the rhizosphere effect would be most profound for fast-growing, heterotrophic, aerobic microorganisms that favor higher concentrations of nutrients because they could respond very quickly to the increased availability of nutrients in the rhizosphere. These copiotrophic, or "r"-selected microorganisms, have higher growth rates and growth yields at high substrate concentrations than oligotrophic, or "K"-selected microorganisms. We further hypothesized that oligotrophic, or "K"-selected microorganisms, which may represent the vast majority of soil microorganisms, and which may also be a significant percentage of so-called "unculturable" microorganisms (Watve et al. 2000) , would show less response to the rhizosphere, since their growth yields and growth rates are relatively low at high concentrations of substrates (Semenov 1991) . Previous studies using plate counts on rich and dilute media to measure copiotrophs and oligotrophs, respectively, partially support these hypotheses (Maloney et al. 1997; Marschner et al. 2002; Semenov et al. 1999) . To test these hypotheses, we used three different methods to look at microbial community structure of the rhizosphere and soil. Fatty acid methyl ester (FAME) analysis was used to examine the overall microbial community structure, including prokaryotes and eukaryotes, independent of culturability or growth rate of the microorganisms. A substrate utilization assay (Garland and Mills 1991) was used to analyze the community structure of rapidly growing, aerobic, heterotrophic bacteria (Buyer et al. 1999) , and a separate substrate utilization assay was used to examine the community structure of culturable fungi (Buyer et al. 2001 bulk soil using the FAME assay but substantial differences between the rhizosphere and bulk soil with the substrate utilization assays.
Materials and methods

Rhizosphere samples
Three different soil types were collected from fields in Beltsville, Md., U.S.A.: Keyport silt loam (pH 6.5, 1.75% C), Hatborough loamy sand (pH 5.9, 3.04% C), and Rumford sandy loam (pH 6.4, 0.48% C). Soils were airdried, sieved, and stored at ambient temperature. The moisture content of the soils was restored to field capacity 1 week prior to planting. Corn (Zea mays) and soybean (Glycine max cv. Chesapeake) seeds were sown in plastic tubes (10 × 2.75 in.; 1 in. = 25.4 mm) with conical bottoms (Cone-tainers; Stuewe and Sons, Corvallis, Oreg., U.S.A.). Soil controls consisted of tubes with soil but no seeds. Plants were grown at 22°C with 14 h illumination in growth chambers.
Seven replicate tubes per soil type were taken at the time of planting for time 0 soil controls. Seven replicate Conetainers were harvested for each soil-plant combination, plus soil controls, at 4 and 8 weeks after sowing. Subsamples (approximately 10 g) of the soil controls were diluted 10-fold with sterile distilled water. Rhizosphere samples were harvested by emptying the Cone-tainer, cutting off the top of the plant, and adding the roots and adhering soil to 100 mL of sterile distilled water in a tared 250-mL flask. This suspension was assumed to be a 1:10 dilution, but actual sample weights were used during data workup to correct for variation in sample size. Samples were gently sonicated for 5 min and then serially diluted in sterile saline. Sample weights were used to calculate the actual dilutions. For both the controls and the rhizosphere samples, subsamples of bulk and rhizosphere soil, respectively, were stored at -20°C for fatty acid analysis. At both 4 and 8 weeks, the roots had completely penetrated all the soil in the Cone-tainers, so even the nonadhering soil was considered rhizosphere soil.
The entire experiment was performed twice. Enough soil for both experiments was collected and air-dried at one time, so the major difference between the two experiments was that the second experiment used soil that had been dry for 5 months longer before rewetting. Results were similar but not identical for the two experiments. Only data from the second experiment is presented in this paper.
Substrate utilization assays
Bacterial substrate utilization was assayed using Biolog GN plates (Biolog, Inc., Hayward, Calif., U.S.A.), as previously described (Buyer et al. 1999) . A 1:10 serial dilution series in sterile saline was used to produce a 10 -4 dilution. Each well of the plate was filled with 150 µL of the 10 -4 dilution and incubated at 22°C. Plates were read daily, from day 3 to day 7, at a wavelength of 595 nm.
Fungal substrate utilization was assayed using Biolog SF-N plates according to a recently published procedure (Buyer et al. 2001) . Briefly, a 10 -3 dilution in 0.2% agar containing gentamycin, rifampicin, and streptomycin was used to fill plates at 100 µL per well. Plates were incubated at 22°C and read daily, from day 4 to day 10, at 650 nm.
Enumeration of bacteria and fungi
A 1:10 serial dilution series in sterile saline, done three times, was used for bacterial plate counts. Culturable bacteria were enumerated by spiral-plating (Autoplate 3000, Microbiology International, Frederick, Md., U.S.A.) dilutions onto rhizosphere isolation medium plates (Buyer 1995) in duplicate. After incubation at 22°C for 1 week, the colonies were counted using a Protocol colony counter (Microbiology International).
A most probable number assay was used to enumerate fungi (Buyer et al. 2001) . Briefly, a fourfold dilution series in sterile saline was performed 11 times and eight 30-µL aliquots from each dilution were transferred to eight wells in a microplate containing 120 µL dilute rhizosphere broth (Buyer 1995) with gentamycin, rifampicin, and streptomycin. After 1 week of incubation at 22°C, wells with growth were tabulated, and the results were calculated according to the standard most probable number formula (Woomer 1994) .
Fatty acid analysis
Frozen soil samples were lyophilized until dry. Fatty acids from soil lipids were directly transesterified to fatty acid methyl esters by combining 1 g of dry soil with 10 mL of 0.2 M KOH in methanol and incubating at 37°C for 1 h. Acetic acid (1 mL) and hexane (5 mL) were then added. After vortexing and centrifuging (1000 × g, 22°C, 10 min), the organic layer was removed. The aqueous soil suspension was extracted twice more with hexane. The hexane layers were combined and evaporated. The extract was dissolved in 0.5 mL of 1:1 hexane:methyl t-butyl ether and analyzed by gas chromatography. An Agilent 6890 gas chromatograph (Agilent Technologies, Palo Alto, Calif., U.S.A.) was used to identify and quantitate fatty acid methyl esters according to the MIDI eukaryotic method (Microbial ID, Inc., Newark, Del., U.S.A.). Peak area was converted to molarity using an external standard (16:0) and assuming equimolar responses by all fatty acid methyl esters (White and Ringelberg 1998).
Data analysis
Data were analyzed using a multivariate general linear model (i.e., MANOVA) with SAS software (SAS Institute Inc., Cary, N.C., U.S.A.). At time 0, there were only controls, so the experiment was an incomplete factorial design. Therefore, customized hypothesis tests were used to test the main effects (soil at time 0, soil, plant, and time) and interactions for significance. Contrasts corresponding to main effects and interactions allowed us to include the time 0 control while still preserving the usual MANOVA sum of squares.
For the substrate utilization assay, substrates were divided into six categories (polymers, carbohydrates, carboxylic acids, amines and amides, amino acids, and miscellaneous) (Zak et al. 1994) to reduce the number of variables. The average absorbance for all wells within each category was calculated. MANOVA was conducted on the six categories using absorbance of the blank well and bacterial or fungal population density (in logarithmic units) Note: There were six or seven replicate samples for each treatment, and least-square means were adjusted using control well values and bacterial population densities as covariates, so standard errors varied. Poly, polymers; Carbo, carbohydrates; Acid, carboxylic acids; Amin, amines and amides; Amac, amino acids; Misc, miscellaneous; K, Keyport; R, Rumford; H, Hatborough. both the bacterial and fungal substrate utilization assays, the final results were very similar whether readings from 1 day were used or readings from several different days were combined to keep the average absorbance constant (Buyer et al. 2001) . Only data from readings taken after 3 days of incubation for bacteria and 5 days of incubation for fungi is presented in this paper, because at these time points, no readings exceeded the absorbance limits of the microplate reader. Fatty acids were divided into seven chemical categories (straight-chain saturated, branched-chain saturated, monounsaturated, polyunsaturated, 2-hydroxy, unsaturated branched, and oxo fatty acids) to reduce the number of variables. Peak areas were summed within each category. In addition, biomarker fatty acids were used, with the peak areas of every fatty acid contributing to a specific biomarker group summed together. The biomarker fatty acid groups were as follows: eubacteria, 15:0, 17:0 cyclo, 19:0 cyclo, 15:1 iso, 17:1 iso and anteiso; eukaryotes, polyunsaturated; Gram-positive bacteria, iso and anteiso; actinomycetes, 10 methyl 18:0; fungi, 18:2 ω6 cis; and protozoa, 20:3 and 20:4 (Cavigelli et al. 1995; Frostegård et al. 1993; Zelles et al. 1994 Zelles et al. , 1995 . MANOVA was performed separately for chemical and biomarker groups.
We used a canonical variates analysis (Buyer et al. 1999; Seber 1984) to represent the data graphically. Since this requires a complete factorial, we ran the MANOVA only on the 4-and 8-week data. A one-way model was used in which the treatment consisted of each combination of time, soil, and plant type (or control). The canonical variates generated by this analysis identified the linear combination of variables that best separated the samples by soil and plant type at 4 and 8 weeks.
Results and discussion
Populations
Population densities of culturable bacteria and fungi are presented in Table 1 , and the significance testing is shown in Table 2 . There was no significant effect of soil type on bacteria, but there was a highly significant plant effect, with both soybean and corn rhizospheres having higher levels of bacteria than the soil controls. This is the expected rhizosphere effect. Fungal populations were strongly affected by soil, with Hatborough soils generally containing the largest fungal population density. There was a strong plant effect, with corn producing the highest levels of fungal population density, followed by soybean and then the soil controls. There was also a significant plant × soil interaction for both bacteria and fungi.
Substrate utilization assay
The substrate utilization assay on Biolog GN plates was used to analyze the community structure of rapidly growing, culturable, aerobic, heterotrophic bacteria. Absorbance values are presented in Table 3 , and customized hypothesis testing is shown in Table 4 . The rhizosphere effect is readily seen in the greater absorbances for corn and soybean than for soil controls. Both time and plant were highly significant and soil much less significant. Soil at time 0 was more significant than soil, suggesting that the portion of the microbial community measured in this assay was somewhat different in the various soils at the beginning of the experiment; however, soil effects became less important as the plants developed, and the rhizosphere effect became more significant than the soil effect. Interactions were generally less significant than main effects. The canonical variates are graphed in Fig. 1 and clearly show the effect of plants on the bacterial communities. The soil controls were clustered together and separately from all of the rhizosphere samples, indicating a strong rhizosphere effect on these bacteria. No overall difference was observed between corn and soybean rhizosphere samples.
The substrate utilization assay for fungi gave quite different results than the bacterial assay. Absorbances are presented in Table 5 . There was a strong time effect, with a general increase in substrate utilization from 0 to 4 to 8 weeks. Customized hypothesis testing (Table 6) revealed that time and soil effects were far more significant than plant effects. The time effect is readily apparent in the graphed data (Fig. 2) , where the separation between 4-and 8-week samples indicates a temporal effect. The soil effect is less obvious than the time effect, but the Keyport soil does tend to separate along the vertical axis from the other soils. It is clear that the rhizosphere had much less effect on fungi (Fig. 2) than it did on rapidly growing, aerobic, heterotrophic bacteria (Fig. 1) .
The rhizosphere effect was most easily seen in the substrate utilization assay for fast growing, aerobic, heterotrophic bacteria. This was entirely consistent with our first hypothesis that the rhizosphere effect would be strongest for fast growing, aerobic, heterotrophic bacteria that favor high concentrations of nutrients. While these bacteria represent a very small percentage of the total community, they are ex-actly the bacteria expected to respond in the substrate utilization assay (Bååth et al. 1998; Buyer et al. 1999) . The rhizosphere samples were clearly distinct from the soil controls. However, there was very little difference between corn and soybean rhizospheres with the substrate utilization assay, and the influence of soil type was very small. The rhizosphere effect observed here appears to be largely independent of plant species and the starting microbial community. However, the study of more plant species might lead to a different conclusion, since it may also be that the substrate utilization assay used here is capable only of detecting large changes in community structure and that subtle differences between corn and soybean rhizosphere communities could not be resolved.
The rhizosphere effect on the fungal community, as measured by the substrate utilization assay, was much weaker than that on the rapidly growing, aerobic, heterotrophic bacteria. This is consistent with literature on dilution plate counts, where the increase in fungal populations in the rhizosphere compared to bulk soil is generally less than in bacterial populations (Curl and Truelove 1986) . The fungal communities in the control soils were different from each other and changed more over time than the differences between the controls and the rhizosphere communities. These K  484  284  407  91  53  99  1418  0  Control  R  235  65  118  45  10  11  485  0  Control  H  389  128  148  55  19  23  763  4  Control  K  580  301  538  132  62  94  1712  4  Control  R  249  65  202  62  7  10  596  4  Control  H  386  117  218  54  19  22  818  4  Corn  K  657  339  674  202  59  113  2047  4  Corn  R  353  78  283  146  11  15 results are limited to fungi that can grow in this assay, which excludes a number of important taxonomic groups (Smit et al. 1999) .
Fatty acid analysis
Fatty acid concentrations, summed by chemical group, are presented in Table 7 . A strong soil effect is readily apparent, with the Rumford soil having much lower concentrations of fatty acids than the other two soils. This may be due to the lower carbon content of the Rumford soil. The results for the customized hypothesis testing are summarized in Table 8 . In general, soil had the greatest effect on soil fatty acids, while the time and plant effects were weaker. Both soil and soil at time 0 were highly significant in affecting the groups of fatty acids, suggesting that the different soil types each started out with different microbial communities that remained different throughout the experiment. Interactions were generally much less significant than the main effects.
The results for the biomarker groups are given in Tables 9  and 10 . Results are generally similar to those found for the chemical groups, with soil effects on fatty acids grouped by biomarker being generally more significant than time or plant effects. Soil at time 0 had more influence on bacteria, Gram-positive bacteria, and actinomycetes than on eukaryotes, fungi, and protozoans, suggesting that the different soil types had greater differences in prokaryotes than eukaryotes at the beginning of each experiment. The eukaryote and fungi biomarkers were strongly affected by plant, while the protozoa a Eukaryote group is identical to the polyunsaturated group that is presented in Table 7 . biomarker was most strongly affected by plant and soil. The fungal biomarker fatty acid 18:2 ω6c occurs in almost all eukaryotes, including plants (Lechevalier 1988) , so one possible explanation is that plant root fragments rather than fungi were detected in the fatty acid analysis of rhizosphere samples. The canonical variates analysis for fatty acid chemical categories is graphed in Fig. 3 . The three soil types remained quite distinct from each other, with little plant or temporal effect observed. However, the horizontal axis explains 81% of the variance, and the vertical axis only explains 10% of the variance, so separations along the horizontal axis are more significant than separations along the vertical axis. Therefore, the biggest difference in microbial community structure occurred between the Keyport soil samples and the other two soil types, which may be explained by the different soil textures (Gelsomino et al. 1999 ). The only case where corn and soybean rhizospheres had different communities from each other was with the Keyport soil at week 4.
The fatty acid biomarkers are graphed in Fig. 4 . The vectors graphically represent the standardized canonical coefficients, with the length and direction of each vector indicating its relative contribution to each axis. The patterns were similar to the chemical categories, with all samples clustering by soil. The actinomycetes and Gram-positive bacteria were greatest in the Keyport soil, but in this case, the eubacteria biomarker had the largest negative effect along the horizontal axis.
Fatty acid analysis was used to look at the overall microbial community structure. Each soil started out with a different microbial community structure that was maintained through 8 weeks of plant root growth and deposition of reduced carbon and other nutrients. The rhizosphere effect on microbial community structure was quite weak compared with the soil effect. This is consistent with our second hypothesis, which held that the rhizosphere effect for slowgrowing heterotrophs and oligotrophs would be very small. These organisms are believed to dominate bulk soil, so the small percentage of microorganisms that did respond strongly to the rhizosphere appeared to be insufficient to change the community structure as measured by fatty acid analysis. It is clear that the rhizosphere affects only a small fraction of the soil microbial community, and the increase in population of that small fraction is insufficient to significantly change the community structure.
In this paper, we found that soil type generally had far more influence on overall microbial community structure than plant roots, although the fast-growing, aerobic, heterotrophic bacteria that responded to the substrate utilization assay were strongly affected by the rhizosphere. Other bacteria and eukaryotes did not respond strongly to plant roots. However, since we do not know how metabolically active the oligotrophic bacteria and other slow-growing soil microorganisms are, it is difficult to use these results to make any predictions about the impact of the rhizosphere effect on ecosystem function. 
